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Abstract 
The electrochemical behaviour of platinum single crystal surfaces can be taken as a model 
response for the interpretation of the activity of heterogeneous electrodes. The cyclic 
voltammogram of a given platinum electrode can be considered a fingerprint characteristic of 
the distribution of sites on its surface. We start this review by giving some simple mathematical 
description of the voltammetric response in the presence of adsorption processes. Then, the 
voltammogram of platinum basal planes is described, followed by the description of the 
response of stepped surfaces. The voltammogram of polycrystalline materials can be 
understood as a composition of the response of the different basal contributions. Further 
resolution in the discrimination of different surface sites can be achieved with the aid of surface 
modification using adatoms such as bismuth or germanium. The application of these ideas will 
be exemplified with the consideration of real catalysts composed of platinum nanoparticles with 
preferential shapes.  
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1. Introduction:  
The reactivity of solid electrodes, as compared to that of mercury, was an unresolved challenge 
until the work of many excellent electrochemists such A.N. Frumkin (1), S. Gilman (2), M.W. 
Breiter (3) and F.G. Will (4), among many others (5). The reader can find some reviews describing 
how this problem was finally solved (6-8). The starting point taken here is that from the 1970’s, 
in which the characteristic voltammetric fingerprint for polycrystalline platinum, Pt(poly), was 
reproducible in most laboratories worldwide (9). This fingerprint voltammogram, given in figure 
1, curve b, came associated to an excellent reactivity, both for hydrogen evolution and oxidation 
in acidic solutions, with a 30 mV Tafel slope (10, 11), which can be considered that corresponding 
to a Nernstian process, while results under “dirty” conditions produced Tafel slopes closer to 
120 mV (12). The voltammogram shows characteristic reversible peaks at 0.13 and 0.27 V RHE 
attributed to hydrogen adsorption, including a small feature at 0.21 V RHE only in the positive 
scan. This hydrogen region is followed by a low current interval at higher potentials, the so-
called double layer region, that finally leads to a complex oxidation of the surface, above 0.80 V, 
before reaching oxygen evolution. This was attributed to the formation of a monolayer of oxide, 




A polycrystalline material is heterogeneous and contains many crystallites or grains with 
unmatching crystallographic orientations. In this regard, any platinum wire, foil or deposited 
layer will be different from any other. In this case, the number of surface atoms per unit area in 
contact with the solution is unknown. In addition, all the surfaces are covered by impurities from 
the laboratory atmosphere that should be removed before starting any meaningful 
electrochemical experiment. For this purpose, an electrochemical activation procedure, cycling 
between hydrogen and oxygen evolution in clean sulphuric acid solutions, was accepted as 
standard (4). After this electrode pre-treatment, all the different samples led to similar 
voltammetric responses, having the characteristics described above. We can consider that this 
is the zeroth level approximation for those working with platinum electrodes: start by 
reproducing this classical result. We can try to be more precise and study the voltammetry of a 
platinum single crystal bead, obtained after melting a pure (4N) Pt wire. If prepared carefully, 
the bead reveals the existence of flat areas, regularly distributed on its spherical surface. The 
distribution of those facets allows to check if the bead is a single crystal. The voltammetry of this 
bead in the low potential region (figure 1, curve a), recorded after flame annealing, following 
the procedure given by J. Claviler in 1980 (13-15), is slightly different to that previously 
described. However, it still features the same main states at 0.13 and 0.27 V RHE, with small 
changes in the peak heights (the peak at 0.13 V is smaller and that at 0.27 V is higher). Also, the 
peaks are sharper and the state at 0.2 V RHE is not observed. In addition, reversible adsorption 
states rise at 0.37 V and a sharp feature is identified at 0.45 V. It is important to remark that this 
Pt bead also exhibits a 30 mV Tafel slope for hydrogen evolution/oxidation, the same reactivity 
of the activated samples, and also leads to a voltammogram comparable to that of the activated 
samples after a few (usually 10) excursions to high potentials, close to oxygen evolution, in a 
process in which the surface area remains essentially constant. Later, it was documented that 
the cycling activation process, albeit cleaning the platinum samples, also disorders the surface, 
at atomic level (16-20). We consider that this type of bead electrodes, cleaned by flame 
annealing, constitute a reproducible state of the Pt(poly) electrodes, having polyoriented 
surfaces in which all sites are regularly distributed.  
In this contribution we are trying to analyse the voltammogram of the Pt(poly) by using the 
information derived from model single crystal electrodes, separating the different contributions 
that appear in the low potential range, in a similar way as the separation by anion and cations 
groups used in qualitative inorganic analysis. The aim will be to get information about the 
different population of sites of different symmetry on polycrystalline samples, including 
platinum nanoparticles. Some comments will be addressed to the interpretation of the 
voltammograms of single crystal platinum electrodes, a subject that was intensively investigated 
by J. Clavilier (13, 14, 21), C.N. Reilley (22-27) and many others (7). 
Since the initial studies using single crystal electrodes (7, 13, 14, 21), it became immediately 
clear that the blank cyclic voltammograms are, in general, extremely sensitive to the 
crystallographic structure of the surface of the electrode and to the chemical composition of the 
solution. This is characteristic of electrochemical responses involving adsorption processes, 
since the energies of adsorption and the interactions between adsorbed species are very 
sensitive to the arrangement of atoms around the adsorption site. As in the Pt(poly), triangular-
shaped peaks are obtained at different potentials that are linked to the Gibbs free energy of 
adsorption, as will be described below. Secondly, the area under a voltammetric peak is related 











The charge will be related, according to Faraday’s laws, to the amount of adsorbed species.  
The chapter will be organised as follows: initially, a brief mathematical description of the 
voltammetric response in the presence of adsorption processes will be given. Then, the 
voltammogram of platinum single crystal electrodes will be taken as a model to understand the 
relationship between surface structure and the voltammetric response for platinum surfaces. 
Finally, the voltammetric results obtained for complex Pt(poly) surfaces and platinum 
nanoparticles will be described to illustrate the application of these concepts to the 
characterization of real catalysts. In this latter case, nanoparticles with preferential shapes will 
demonstrate the correlation between shape and voltammetric response.  
 
2. Voltammetric response in the presence of adsorption processes.  
When an electroactive species in solution can be adsorbed on the surface of the electrode 
following an electrosorption process such as: 
M+ + e  M 
Or 
X-  X + e 
the amount of adsorbed species is described in terms of the surface concentration, moles per 





where Γ𝑚 is the maximum amount of adsorbed species. For electrosorption processes such as 
those described above, both Γ and 𝜃 are functions of the electrode potential. For a given solution 
composition and fixed values of pressure and temperature, the relationship between 𝜃 or Γ on 
the electrode potential is called an electrosorption isotherm (𝜃 = 𝜃(𝐸)). For a Langmurian 
behaviour, the most general way of expressing the adsorption isotherm would be: (28)  
𝜃
1 − 𝜃







Where the sign of the second exponential term depends on whether the electrosorption is an 
oxidation or a reduction, c is the concentration of the adsorbate in the solution and all the other 
symbols have their usual meaning. In general, the energy of adsorption will be a function of the 
coverage, Δ𝐺0 = 𝑓(𝜃), a result of lateral interactions between adsorbed species.  
To derive the shape of the voltammogram from the isotherm above, we need to consider the 
relationship between the coverage and the charge involved, which, according to Faraday laws, 
is given by:  
𝑞 = ±𝐹Γ𝑚𝜃 
















because the electrode potential is varied linearly with time at a sweep rate 𝑣. The 𝑑𝜃/𝑑𝐸 term 
can be derived from a suitable adsorption isotherm. One interesting result becomes evident 
from this equation: the voltammetric current depends linearly on the scan rate, a characteristic 
of adsorption processes (29).  
Two simple situations are most commonly considered in the literature. First, when Δ𝐺0 is 
constant, the generalised isotherm above reduces to the well-known Langmuir isotherm. In this 
case, taking the derivative 𝑑𝜃/𝑑𝐸 from the isotherm is straightforward. It is easy to demonstrate 
that the voltammogram in this case provides symmetric peaks, where the position of the peak 
is linked to the energy of adsorption (that, in this case, is independent of coverage), the height 
and area under the peak being related with the maximum coverage, Γ𝑚(30-32). The width of the 
peak at half height has a constant value of 90 mV (31, 32) (more generally, it would be 90/n, 
where n is the number of electrons exchanged). The next step is to consider a linear variation of 












Using this equation, it is possible to demonstrate that symmetric peaks are still obtained, 
centred around the value of 𝜃 = 0.5 with different width at half height, depending on the value 
of the lateral interaction parameter, r. Positive values of r (repulsion) give broader peaks while 
negative values of r (attraction) give narrower peaks (31-33). As before, the position of the peak 
is related with the energy of adsorption and the area under the peak allows a determination of 
the amount of adsorbed species.  
Figure 2 illustrates the cyclic voltammogram for an electrosorption process of an anion following 
the isotherms described above. When different species are adsorbed on different sites or on 
different potential regions, the resulting voltammogram will contain one peak for each process. 
Single peaks can be also due to competitive adsorption processes (32) and this complicates the 
quantitative analysis of peak shapes.  In this case, the charge under the peak still remains 
proportional to the number of surface sites, although a suitable calibration is required.  
Another factor to consider is the existence of a pure capacitive current overlapped with the 
adsorption processes. Capacitive currents are typically smaller than those associated with 
adsorption processes, but they are not negligible. When an independent measurement of the 
differential capacitance values is lacking, it is customary to approximate the capacity current as 
a constant, extrapolated from the so-called double layer region of the voltammogram (e.g. 
between 0.6 and 0.8 V in figure 1).  
3. Electrochemistry with platinum single crystal electrodes 
To rationalize the reactivity of complex catalytic materials (such as nanoparticles or 
polycrystalline materials), the work with single crystal electrodes is of fundamental value. As will 
be described in this section, the voltammetry of single crystal surfaces in the blank supporting 
electrolyte provides valuable information about the structure of the electrode that can later be 




3.1. Some notions of surface crystallography 
Monooriented single crystal surfaces are obtained by cutting a single crystal with an ideally 
atomically flat surface (a mathematical plane). For materials that crystalize in the face centred 
cubic crystalline network, the three basal planes defined by the Miller Indices (111), (100) and 
(110) correspond to the surfaces with the simplest structure. To describe the structure of 
surfaces with higher Miller indices it is very useful to employ the stereographic triangle (6, 34, 
35), which is the mathematical way to represent a three dimensional structure in two 
dimensions. The basal planes are situated at the corners of the stereographic triangle. The edges 
that join two basal planes contain stepped surfaces formed by terraces of one symmetry and 
steps of the second symmetry. For platinum, the line that separates the Pt(111) and Pt(100) 
surfaces contains stepped surfaces. Those surfaces closer to the Pt(111) corner are formed by 
Pt(111) terraces separated by monoatomic Pt(100) steps, while the surfaces closer to the Pt(100) 
corner contain Pt(100) terraces separated by monoatomic Pt(111) steps. Those surfaces can be 
designated as Pt(S)[n(111)x(100)] and Pt(S)[n(100)x(111)], respectively (36). A particular 
orientation is Pt(311), the turning point, in which both series of surfaces coincide. Similar 
situation also holds for the other two edges of the stereographic triangle. The surfaces lying in 
the centre of the stereographic triangle contain sites with the symmetries of the three basal 
planes. Figure 3 summarizes some of these relationships, giving also the relation between the 
structure of the surface and the Miller indices (34, 37, 38) 
The hard sphere models of the surfaces, as shown in figure 3, provide valuable relationships 
between the structure and the Miller indices. The most important elements of this model are 
the unit cell, its dimensions and the number of atoms of each type it contains. For instance, for 
the (111) surface, the unit cell contains only one atom. From the geometries indicated in the 








Where S is the area of the unit cell and d is the atomic diameter. From the point of view of an 
electrochemist, even more important than the atomic density is the charge corresponding to 








Where e is the unit charge. Similar relationships can be obtained for the other basal planes, as 
summarized in table 1. Unlike Pt(poly), on single crystal electrodes, a measure of the charge is 
related to the number of surface atoms. 
In the case of stepped surfaces, the dimensions of the unit cell depend on the number of atomic 
rows on the terrace, n. The dimension of the unit cell for three selected families of stepped 
surfaces are indicated in figure 3. In this case, not all the atoms in the unit cell are equivalent 
since they will have different electronic properties as they are farther or closer to the step. 
Usually, the atoms can be classified as terrace and step atoms. As before, more important than 
the number of atoms is the charge corresponding to the exchange of one electron per terrace 
atom or one electron per step atom. For all the cases drawn in figure 3 the unit cell contains only 
one step atom. Therefore, the charge corresponding to steps will be 𝑞𝑠𝑡𝑒𝑝 = 𝑒 𝑆⁄ . The resulting 
expressions after substituting the particular dimensions of each unit cell are summarized in table 




for the surfaces with (111) terrace and (110) step, the step is wider and there are n-2 terrace 










































Similar expressions are obtained for the other stepped surfaces. In these expressions, the term 
cos() accounts for the projection of the area of the unit cell on the plane of the terrace (the 
length of the unit cell is measured on the plane of the terrace but the experimental area is 
measured on the plane of the stepped surface). The important conclusion is that not only the 
number, but the type of surface atoms per unit area, are known for single crystal electrodes.
3.2. Cyclic voltammetry of platinum single crystal electrodes.  
Figure 4 shows the voltammograms for the three basal planes in perchloric and sulfuric acid 
solutions. The first observation is that the voltammogram is very sensitive to both the 
crystallographic orientation and the composition of the solution. In all cases, the voltammogram 
is composed by a number of peaks, some broader some narrower, but in all cases symmetric 
through the x-axis. This indicates that those adsorption processes are fast in the time scale of 
the experiment. Perchloric acid is usually selected as supporting electrolyte in fundamental 
studies, because perchlorate anion does not adsorb specifically on the platinum surface. The 
processes registered in this case are hydrogen adsorption, in the low potential region and 
hydroxyl adsorption at higher potentials. It is clear that adsorption energies depend markedly 
on the symmetry of the surface, since the peak positions vary among the different surfaces.  
The voltammogram in the presence of sulfuric acid clearly evidences the sensitivity of the 
technique to the composition of the solution. Sulphate anions adsorb specifically on the surface 
of platinum and the energy of adsorption (also the geometry of adsorption) depends on the 
symmetry of the surface. The result is that, for all cases, the hydroxyl adsorption states are 
replaced by sulphate adsorption that is shifted to negative potentials, resulting in a 
“compression” of the voltammetric profile into a narrower range of potentials. Sulphate 
adsorption on Pt(111) starts around 0.33 V. At first, the adsorption is disordered but around 0.45 
V a phase transition takes place, resulting in the formation of an ordered adlayer with (√3 × √7) 
structure, as has been evidenced by STM (39, 40). It is important to note that the 
voltammograms in HClO4 and H2SO4 overlap perfectly at potentials below 0.33 V, indicating that 
anion adsorption does not participate in these low potential adsorption states. For Pt(100), the 
broad adsorption states extending up to 0.7 V in HClO4 are compressed in a narrower peak below 
0.45 V. In this case, hydrogen desorption and sulphate adsorption are coupled in a single peak. 
It could be said that sulphate adsorption forces the desorption of hydrogen at potentials where, 
otherwise, hydrogen would still be stable in the adsorbed state. A similar situation happens with 
Pt(110), with most of the adsorption state being compressed in a single peak centred at 0.14 V. 
In both cases, the voltammetric profiles in perchloric and sulphuric acid overlap at low 
potentials, were the current is only due to hydrogen adsorption. 
A first comparison between the two electrolytes reveals that sulphuric acid solutions are more 
convenient for characterization purposes, because the voltammetric peaks are better defined. 
This is general for other electrolytes containing anions that adsorb specifically, but sulphuric acid 
is preferred to other acidic solutions for several reasons, related with solution cleanliness (e.g. 




similar adsorption properties) or stability (e.g. chlorides adsorb more strongly on the surface, 
but platinum dissolution/corrosion can be a problem for the integrity of the electrodes at high 
potentials).  
One important conclusion from what has been described above is that, in general, it is very risky 
to assign one voltammetric peak to a single process since most often more than one process is 
coupled under the same peak. Cyclic voltammetry alone cannot separate the different processes 
in those cases. One technique that comes to our rescue in those cases is the charge displacement 
(41-43). This technique consists in the introduction of a displacing agent that adsorb very 
strongly on the surface of the electrode, displacing everything that was initially present at the 
interphase. The current that flows due to the displacement reaction is monitored during the 
whole process. In this way, the sign and magnitude of the displaced charge gives information 
about the nature of the displaced species. The best displacing agent for platinum is carbon 
monoxide because it adsorb strongly, its adsorption does not involve charge, it is easily  
introduced in the cell as a gas, and, the best of all, it can be easily removed from the solution by 
bubbling argon and, then, the adsorbed layer can be stripped at reasonably low potentials, 
recovering the initial electrode surface. If the displacing experiment is performed while holding 
the potential in the hydrogen region, positive charges are displaced, as expected, according to: 
Pt-H + CO  Pt-CO + H+ + e 
At the onset of hydrogen evolution, the following charges are obtained for the three basal 
planes: 160 µC/cm2 for Pt(111) (41, 44, 45), 150 µC/cm2 for Pt(110) (41, 45) and 200 µC/cm2 for 
Pt(100) (45). These values give a measure of the maximum amount of hydrogen adsorbed on 
each surface. For Pt(110) and Pt(100), they are close to the value calculated for one electron for 
each atom on the surface (table 1). For Pt(111) only 2/3 of the surface appears to be covered by 
hydrogen before the onset of hydrogen evolution. In all cases, starting at this potential with the 
surface covered by hydrogen, sweeping the potential to positive values causes the desorption 
of hydrogen and the adsorption of the anion. In the high potential region, anions start to be 
replaced by oxides, but this potential region is typically avoided when working with single 
crystals since it causes the disordering of the surface.  
In this respect, if the displacement is performed at high potential, where the surface is covered 
by anions, negative charges are obtained: 
Pt-A + CO + e  Pt-CO + A- 
Once the voltammetry of platinum single crystals is well understood, it is also possible to 
understand the voltammetry of polycrystalline materials. In this way, the peak at 0.13 in the 
voltammograms of figure 1 can be assigned to hydrogen and anion adsorption/desorption on 
(110) facets. The contribution of (111) facets would be a rather flat background in this region. 
However, it is clear that the state at 0.27 V on Pt(poly) does not appear on the basal planes 
(compare figures 1 and 4). Figure 5 shows that this state dominates in the stepped surfaces 
containing (100) step sites separating (111) terraces (46). Also, a similar state appears when 
stepped surfaces with (100) terraces are under scope (47). The contribution of long ordered 
(100) terraces (0.37 V (47)) appears as a shoulder in the voltammogram of the polycrystalline 
material. Therefore, to investigate the effect of long-range order in the voltammetric response 
it is necessary to study the response of stepped surfaces.  
Figure 5 shows the voltammograms obtained with several stepped surfaces formed by (111) 




polycrystaline material with the stepped surfaces is given in figure 5D. From Figure 5A, the 
introduction of the (110) steps causes the growth in the voltammogram of a peak at 0.13 V, that 
becomes larger as the step density increases. When the symmetry of the step changes to (100) 
(figure 5B), the introduction of the step causes similar changes in the voltammogram, but the 
position of the peak is shifted now to 0.24 V. Those peaks corresponding to the contribution of 
the steps have been assigned to the adsorption of one hydrogen atom per platinum atom on 
the step (48). It is noteworthy to stress that the position of the peak shifts to slightly higher 
values when the terraces are shorter. Also, the cycling of the potential into the oxide region for 
the stepped surfaces leads to less intense, broader peaks and the development of new 
contributions, as a consequence of the surface disorder, mimicking the behaviour observed with 
Pt(poly).  
The relationships from the hard sphere model summarized in table 1 are useful here to analyse 
the different charge contributions in the voltammogram of stepped surfaces. In the case of 
Pt(S)[n(111)x(110)] stepped surfaces, the separation of the charge contribution from the step is 
quite straightforward considering a straight base line (see figure 7B). The charge values obtained 
in this way can be plotted as a function of the step density, resulting a straight line that can be 
taken as a calibration curve that allows to calculate the step density of an unknown surface from 
the integration of the (110) peak (49, 50). For n(111)x(100) surfaces, anion adsorption on the 
steps complicates the interpretation of the charge (51). Also, the base line for the integration is 
more ambiguous. Still, independently of the interpretation about the species involved, a 
calibration curve plotting charge and step densities can be obtained in this case, allowing the 
estimation of the density of (100) step sites for any heterogenous platinum surface (46).  
For the surfaces with (100) terrace and (111) step (figure 5C) we can see a contribution around 
0.38 V corresponding to the adsorption on the (100) terrace, growing as the length of the terrace 
increases. The contribution from the (111) step can be identified around 0.08 V, while the peak 
at 0.28 V is assigned to the adsorption on (100) places next to the step. This assignment comes 
from the coincidence of the peak position in Pt(S)[n(111)x(100)] and in Pt(S)[n(100)x(111)] 
stepped surfaces (52). 
4. Calculation of facet contribution of any polycrystalline platinum surface 
We have seen that cyclic voltammetry of platinum electrodes in blank electrolyte solutions 
provide a response sufficiently sensitive to obtain a rather accurate description of the structure 
of the surface. This is based on the hydrogen and anion adsorption reactions that provide a 
number of peaks with well differentiated position, corresponding to (100) and (110) site 
contributions. We have also seen that well-ordered (100) terraces give a distinctive 
voltammetric contribution at slightly higher potentials than that of the isolated (100) sites. 
Finally, (111) widely ordered terraces can be identified in sulphuric acid solution from the 
sulphate adsorption states, which develop at relatively high potentials. For (111) terrace sites, 
hydrogen adsorption does not exhibit any peak, i.e. even identifying the presence of these sites 
in the voltammogram by the presence of the sharp peak at 0.45 V (see figure 1a), the 
contribution of this orientation in the hydrogen region cannot be distinguished from a horizontal 
base line. In this respect, to quantify the presence of the (111) sites on Pt(poly) it is necessary a 
specific surface site probe other than hydrogen/anion adsorption. This is equivalent to the direct 
probes used in qualitative inorganic analysis, which ion determination avoiding any separation 




4.1. Adatom modified surfaces as a tool to separate different surface contributions.  
Several elements of groups IVA, VA and VIA of the periodic table can be irreversibly adsorbed 
on platinum, just by exposing the electrode to solutions that contains the element in a suitable 
ionic form. Those elements are Bi (53, 54), Ge (55), As (56, 57), Sb (56, 58), Se (59) and Te (60). 
The term “irreversible” means here that the element remains adsorbed even in the absence of 
the corresponding ion in the solution (there is no equilibrium between surface and solution 
species). Moreover, the irreversibly adsorbed adatoms give an oxidation/reduction process with 
well distinctive voltammetric peaks (61). For instance, for Bi on Pt(111) a surface redox process 
appears at 0.62 V RHE, in the so-called double layer region, without interference with other 
processes in the blank electrolyte. Indeed, on Pt(100) or Pt(110) the Bi redox peak appears at 
potentials well above 0.8 V. 
Thus, the peak potential for this redox process is sensitive to the symmetry of the site where the 
adatom is adsorbed and the charge under the peak is a measure of the number of (111) sites 
covered by the adatom. By covering the whole surface with Bi adatoms (attaining the maximum 
surface blockage) the charge under the adatom peak at 0.62 V RHE is also a measure of the 
number of sites of (111) symmetry. The validation of this method was done using two series of 
stepped surfaces containing (111) terraces of well-known length separated by monoatomic 
steps of (100) and (110) site symmetry (62). For these surfaces, the charge of (111) sites on the 
terrace is given in table 1. By plotting the charge corresponding to the bismuth adatoms as a 
function of the nominal charge of terrace sites, a straight line is obtained that gives the 
stoichiometry of the reaction (62): 
𝑞𝐵𝑖 = (0.64 ± 0.02)𝑞(111) 
𝑡−1    
Such plot is shown in figure 6B. This line can be taken as a calibration curve that relates the 
charge corresponding to (111) sites with the experimental value of the bismuth charge. The 
resulting slope agrees with a situation where each Bi blocks 3 platinum atoms on the close-
packed (111) terraces (𝜃𝑚𝑎𝑥 = 0.33) and exchange 2 electrons. Anyway, the calibration plot is 
independent of any assumption/interpretation on the surface redox reaction stoichiometry. 
Similar experiments/conclusions can be performed by using Te as surface probe sensitive to 
(111) domain sites with good agreement, despite a different surface redox reaction (62). 
Similarly, germanium on Pt(100) gives a distinctive peak at 0.55 V, well separated from the peaks 
corresponding to the other adsorption sites. Again, the method is calibrated using stepped 
surfaces with (100) terraces (62). As before, the plot of the germanium charge as a function of 
the charge corresponding to (100) terrace atoms gives a straight line (figure 6D) according to 
(62): 
𝑞𝐺𝑒 = (0.56 ± 0.03)𝑞(100)
𝑡  
In this case, the stoichiometry agrees with a Ge atom blocking 4 platinum atoms (𝜃𝑚𝑎𝑥 = 0.25) 
and exchanging 2 electrons.  
In the following section, it will be shown how these methods have been successfully applied to 
the characterization of the surface properties of nanoparticles.  
4.2. Fit to multiple peaks as a mathematical tool to separate different contributions.   
As explained above, to obtain a quantification of the different facets on the surface of a 
polycrystalline material from the hydrogen adsorption region, some deconvolution of the 




voltammetric peaks can be understood considering the Frumkin isotherm (or more generally a 
generalised isotherm where the adsorption Gibbs free energy varies with the coverage). The 
response of a heterogeneous surface will correspond to the weighted addition of the different 
facets that form it, since every facet will respond independently to the voltammetric scan. Then, 
the response of a complex surface can be separated into several peaks from different isotherms 
(63, 64). However, even in the simplest case of a Frumkin isotherm, the mathematical equation 
for calculating the current as a function of potential is not explicit and the fit of experimental 
data using several Frumkin isotherms by a least square minimum method is not straightforward. 
To avoid this complication, the use of Lorentzian and Gaussian functions has been proposed, 
and it was demonstrated that best results were obtained with Lorentzian-shaped peaks (62). 
Still, due to the overlap of the peaks, there is some ambiguity in their separation. Particularly, 
the hydrogen adsorption on (111) facets gives a rather flat background overlapped with the 
(110) and (100) responses. The bismuth adsorption strategy described above provides a way to 
solve this ambiguity and the following procedure has been proposed to achieve a complete 
separation of the different adsorption states on a polycrystalline material (62): i) first, the 
fraction of (111) sites is determined using bismuth as a surface probe; ii) the (111) contribution 
is subtracted from the hydrogen adsorption region using the scaled voltammogram of a (111) 
containing platinum surface. It has been argued that, for this subtraction, it is better to use a 
stepped Pt(554) surface instead of a Pt(111), since the former represents better the lack of long 
range order on the polycrystalline material; the double layer (capacitive) contribution is also 
subtracted using as constant value the current in the double layer region; iii) the corrected 
current is used to fit a suitable number of Lorentzian peaks (five or six) that allows separation of 
the different contributions; iv) finally, the contribution from different (100) sites can be added 
and compared with the result obtained using germanium as a surface probe. Consistent results 
are obtained with both methodologies. Figure 7 exemplifies the steps indicated above for the 
same polyoriented bead electrode given in figure 1. 
4.3. Application to real catalysts: platinum nanoparticles with preferential shapes: 
A nanoparticle dispersion is the preferred form of an electrocatalysts for its practical 
applications, in order to maximize the specific surface of the active material in relation to its 
mass. This is particularly important for precious metals such as Pt. One of the main conclusions 
from the previous pages is that the surface structure is of paramount importance to define the 
reactivity of a given electrode material. Therefore, controlling the surface structure of the 
nanoparticles is necessary to achieve the best performance in structure sensitive reactions. 
Important steps have been given in this direction by developing synthetic methodologies giving 
nanoparticles with preferential shapes (62, 65-70).  
Figure 8 shows the voltammetric response of different platinum nanoparticles synthesised by 
different methods that produce different preferential shapes. The TEM images demonstrate the 
existence of preferential faceting on the surface of the nanoparticles. Once cleaned, the 
nanoparticles produced with the micellar method without any modification give 4 nm spherical 
nanoparticles. The symmetrical cyclic voltammogram does not show the existence of any large 
domain contribution and, therefore, these nanoparticles behave as any normal polycrystalline 
platinum. The nanoparticles synthesised using the polyacrylate method, using K2PtCl4 as 
precursor and H2 as reducing agent, produce 10 nm cubic nanoparticles enclosed in {100} facets 
(62). Clear differences are observed in the voltammogram in this case. Adsorption peaks are 
sharper, with the peak corresponding to (100) short sites (0.27 V) being higher than the (110) 




large voltammetric contribution around 0.38 V, that corresponds to large (100) domains, as 
described above. The contribution around 0.51 V can be attributed to the existence of some 
small domains with extended (111) symmetry.  
When the method of synthesis is modified by using H2PtCl6 (instead of K2PtCl4) as precursor, the 
voltammetric response significantly changes (62). The main difference with the voltammogram 
for cubic nanoparticles is observed in the relative height of the hydrogen peaks at 0.13 and 0.27 
V. Now, the (110) peak at 0.13 V is higher than the (100) peak at 0.27 V, while the opposite trend 
is observed for the cubic nanoparticles. Also, the contribution at 0.51 V corresponding to 
relatively large (111) terraces increases. Those voltammetric observations are in agreement with 
the TEM images that reveal nanoparticle shapes with truncated tetrahedral and octahedral 
shapes. Also, the characterization using bismuth and germanium adatoms agree with the trends 
just described. The truncated tetrahedral and octahedral nanoparticles show a larger bismuth 
peak, demonstrating the existence of a large number of (111) sites. On the other hand, the cubic 
nanoparticles give the largest germanium peak, characteristic of (100) domains. The spherical 
nanoparticles produce negligible bismuth and germanium peaks demonstrating the lack of 
ordered domains on these nanoparticles.  
The polyacrylate method of synthesis can be refined by reducing the purging time with Ar, 
therefore allowing the existence of small amount of oxygen in the solution during the synthesis 
(71). This leads to the formation of tetrahedral and octahedral nanoparticles. The corresponding 
voltammogram is characterised by the almost complete absence of adsorption states around 
0.37 that could be attributed to (100) relatively large domains and the significant decrease of 
the peak at 0.27 V corresponding to (100) defects. Also, a clearly discernible contribution around 
0.51 V signals the presence of small (111) domains.  
Interesting results have also been obtained with a modification of the micellar method that 
include the addition of large concentration of mineral acids during the synthesis. Such procedure 
produces cubic nanoparticles (67, 69, 70). The best results are obtained with 15% HCl using 
K2PtCl4 as platinum precursor (69). More recently, synthesis of octahedral nanoparticles with 
remarkably well defined shapes was obtained using sodium citrate, ascorbic acid and a careful 
control of the reaction rate (72). 
The specific reactivity of the nanoparticles has been tested for different reactions such as formic 
acid oxidation (73), ammonia oxidation (67, 70, 74) and nitrate reduction (75, 76). Perhaps the 
most striking result was obtained for ammonia oxidation, a reaction extremely sensitive to the 
presence of (100) domains. The use of single crystal showed that the reactivity of surfaces having 
(111) or (110) symmetry is almost negligible for this reaction. In this way, the use of good quality 
cubic nanoparticles leads to an increase of peak current for this reaction by a factor of 5 with 
respect to any other sample of nanoparticles used, which have indeed (100) sites. In general, 
(100) sites are the most active for reactions that involve NHx adsorbed species, like ammonia 
oxidation (74) and nitrite reduction (77).  
5. Conclusions 
In the previous pages we have demonstrated the strong sensitivity of the voltammetric response 
of platinum electrodes to the crystallographic structure of their surface. In this way, the 
voltammetry becomes an easy and inexpensive surface characterization method with a 
remarkable sensitivity. Surface concentrations of less than 1% can be easily detected. This result 
can be extended to other metals, since most adsorption processes exhibit similar sensitivities. 




a similar way. When the adsorption processes occurring in the supporting electrolyte are not 
clear enough, the method can be extended with the use of additional surface modifiers. In the 
case of platinum, irreversible adsorption of adatoms of Bi, Te or Ge have been successfully 
applied with this purpose. For gold, underpotential deposition of lead has also been used to 
characterise complex surfaces with the same principles as described in this review (78, 79).  
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Table 1. Dimensions of the unit cell and charge for terrace and step atoms according the hard sphere model for fcc surfaces. Charge values for the basal planes 
calculated according to metallic diameter of platinum (d =2.7744 Å)(87) 
Surface Area of the unit cell Terrace atoms per unit 
cell 
𝑞𝑀𝐿
𝑡𝑒𝑟𝑟 µC cm−2⁄  𝑞𝑀𝐿
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Pt(S)[(n-1)(111)x(110)] 
























√9𝑛2 − 12𝑛 + 12
 
Pt(S)[n(111)x(100)] 




































Pt(100) 𝑑2  208   
Pt(S)[n(100)x(111)] 































Pt(110) √2𝑑2  147   
aWhile the natural separation of atomic sites in the Pt(S)[n(111)x(100)] stepped surface would be 1 step atom and n-1 terrace atoms per unit cell, the actual 
separation depends on the reaction under scope. For the bismuth covered surface considered below, only n-2 sites are available per unit cell for bismuth 
adsorption.  
bFor the Pt(S)[n(100)x(111)] stepped surfaces, the categorization of surface sites based on hydrogen adsorption would be 1 step site, 1 edge site and n-2 













Figure 1: Cyclic voltammograms for a polyoriented spherical platinum electrode in 0.5 M H2SO4 
after flame annealing, before (a) and after (b) several cycles of oxidation and reduction, scan 
rate=50 mV/s. 
 
Figure 2: A) Calculated cyclic voltammograms (positive sweep) for an electrosorption process of 
an anion with 𝑞𝑀𝐿 = 240 µCcm
−2, 𝑣 = 1Vs−1, 𝑇 = 298K and different values of the lateral 
interaction parameter 𝑔 = 𝑟/𝑅𝑇, as indicated in the figure. B) variation of the width of the 






Figure 3: Stereographic triangle for a face centred cubic crystal with the hard sphere model of 
some selected surfaces, indicating the main dimensions of the unit cell.  
 
Figure 4: Cyclic voltammograms for the three basal planes of platinum in different supporting 






Figure 5: cyclic voltammograms of several Pt stepped surfaces in 0.5 M H2SO4. A) 
Pt(S)[n(111)x(110)]; B) Pt(S)[n(111)x(100); C) Pt(S)[n(100)x(111)]; D) comparison of the same 
voltammograms of figure 1 for a polyoriented electrode with the voltammetric profile of some 
selected stepped surfaces. Scan rate: 50 mV/s 
 
Figure 6: Voltammetric response of several stepped surfaces covered with adatoms A) Bi on 
Pt(S)[n(111)x(100)] C) Ge on Pt(S)[n(100)x(111)]. B and D) Plot of the charge of the adatom peak 
as a function of the terrace charge, according to the hard sphere model (Table 1): B) Bi on (111) 





Figure 7: Different steps for the mathematical separation of the different contributions in the 
hydrogen region of a polycrystalline platinum surface. A) the electrode is covered with Bi to 
determine the amount of (111) domains. a) initial voltammogram and b) covered with Bi. B) The 
terrace and step contributions from a voltammogram of a Pt(554) electrode are separated and 
the terrace contribution is used to subtract the fraction of (111) sites from the polycrystalline 
material. C) Initial (a) and corrected (b) voltammogram, together with the terrace from Pt(544) 
scaled curve (c) used for subtraction of (111) sites. D) Fit of six Lorentzian peaks (solid line) to 
the corrected voltammetric current (dashed line) and separation into different contributions. 





Figure 8: Cyclic voltammograms obtained with platinum nanoparticles with different 
preferential shapes. A) spherical nanoparticles synthesised with the water in oil microemulsion 
method. B) cubic nanoparticles obtained with the polyacrylate method. C) Truncated tetrahedral 
and octahedral nanoparticle obtained with the polyacrylate method. D) Tetrahedral 
nanoparticles obtained with the polyacrylate method. a) unmodified surface; b) Bismuth 
modified surface; c) Germanium modified surface. 0.5 M H2SO4. Scan rate= 50 mV/s 
 
 
